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TorsionStents have been widely used in percutaneous surgery to treat stenosis diseases. The braided NiTi stent,
as a promising prototype, still has limitations of low radial force and loose structure. In the present study,
a newly integrated composite stent was designed and braided with NiTi wires and polyester multifila-
ment yarns by textile technology. The mechanical properties of four composite stents and the control
bare NiTi stent were evaluated by in vitro compression, bending and anti-torsion tests. The results
showed that integrated polyester/NiTi composite stents were superior in radial support. The stents could
keep patency even when highly curved and had lower stent straightening force. Composite stents with
certain structure stayed stable under twisting. The configuration of NiTi wires in composite stents could
significantly impact stent deformation under twisting.
 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
In the last two decades, the rapid development of percutaneous
surgery has been witnessed [1]. As an outstanding metal material
with good compatibility, pseudoelasticity and shape memory
properties, NiTi alloys now have been extensively used in mini-
mally invasive medical devices [2]. One of the most important
applications of NiTi is self-expanding stents [3,4], which are used
to restore the stenosed vascular conduit. The increasing demand
for superior stents has been proved by the growing morbidity of
vascular stenosis and restenosis [5]. Thus, researchers are striving
to develop an ideal self-expanding stent that enjoys good compat-
ibility, suitable mechanical property and acceptable cost.
The biomechanical performance of stents is one of significant
factors affecting stenosis treatment. Moreover, the mechanical
properties are largely influenced by the process method of stents
[6–8]. Laser cutting, welding and braiding technology are the con-
ventional routes to manufacture NiTi stents. Compared to the
welded stent, the braided stent exhibited lower outward force to
the lesion [9]. Furthermore, the potential earlier failure of stents
and the increasing occurrence of neointimal hyperplasia were
observed on the welded stent. The histopathologic assessment car-
ried out by Ahlhelm et al. [10] found that it was feasible to produce
the self-expanding braided NiTi stent (E-volution) which was safer
than the laser-cut stent.Braided stents show distinct advantages in the continuous pro-
cess, low equipment requirement and reasonable cost [11,12].
They usually have superior flexibility as well. Besides, they con-
formed more to the anatomic shape of the lesion [9], which con-
tributes to lesser trauma and migration. Nevertheless, the
braided stent seemed not the ideal device for the narrowing lumen
because of its inadequate radial support, which was related to the
sliding between wires of the braided structure. In a word, the
structure stability is a potential problem and it should be solved.
Thus, we hereby designed and manufactured a composite stent
with stable structure and better mechanical properties. The stents
were integrally braided by NiTi wires and polyester multifilament
yarns. The in vitro compression, bending and anti-torsion tests
were introduced to investigate the mechanical properties of all
stents.Materials and methods
Materials
The biomedical grade NiTi wires (Ni 55.9 wt%) with a diameter
of 0.2 mm (Jiangyin Winbond New Material Technology Co., Ltd.,
Wuxi, China) and the polyester multifilament (600D/192F) (Suz-
hou Suture Needle Company, Suzhou, China) were applied to braid
the composite stents. The NiTi wires were under heat setting by
mold to be constrained as spiral shape at 600 C for 5 min. After
heat setting, the inside diameter of helical NiTi wires was 6 mm.
Table 1
The physical parameters of NiTi wires.
Physical parameter Material parameter’s value
Young’s modulus (GPa) 55.4
Upper plateau stress (MPa) 409.2
Lower plateau stress (MPa) 139.2
Residual elongation (%) 0.15
Fig. 2. Applied compression measurement machine.
Fig. 3. Restoring force when bent 90 was measured by force gauge.
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the ASTM F 2516-2007.
Preparation of the braided composite stents
For the preparation of composite stents, the braiding machine
(developed in Donghua University) having 32 carriers was loaded
with either the NiTi spring or the polyester multifilament yarn
[13]. Different composite stents were fabricated by adjusting the
density and distribution of the NiTi wires and polyester multifila-
ment yarns on the braiding machine. The stent configuration was
also changed by transforming the motion of bobbins. Bobbins
carrying the NiTi wires moved in the same (type A) or opposite (type
B) direction. The number of NiTi wires was set as 4 (sample A1,
sample B1) and 8 (sample A2, sample B2) for each type of sample.
The bare stent (sample C), as a control, was made by 32 as-received
NiTi wires on the same braiding machine. The heat setting process
was carried out at the same condition as type A and B after
braiding.
All the samples were braided in a regular braid configuration
(i.e. 2/2 intersection repeat) with uniform inner diameter of
6 mm. Fig. 1 shows the appearance of four composite braided
stents and one bare NiTi stent.
Testing methods
All the specimens were in the length of 50 mmwithout longitu-
dinal force and tests were performed under standard environment
conditions (20 ± 2 C, HR 65%).
Physical characteristics
A stereomicroscope (PXS8-T, Shanghai Cewei Photoelectric
Technology Co. Ltd., Shanghai, China) was used to observe the
structure of stents. The braid angle and pitch length (length
between two adjacent points of one yarn in stent axial direction)
were measured based on the microscopy images with the software
MB-Ruler. The wall thickness and diameter of the stent wereFig. 1. Photographs of braided stent samples.determined by electronic vernier caliper (Shanghai Cutting Tool
Works Co., Ltd., Shanghai, China).
An electronic balance (BS124S, Sartorious, Goettingen, German)
was applied to measure the mass fraction of NiTi wires. Each stent
sample with a length of 10 mm was cut down. NiTi wires and
polyester multifilament yarns were weighted respectively. And
each sample was measured five times and then the average values
were calculated.Radial compression property
Among four assessment methods in ISO 25539-2, the local com-
pression measurement is suitable for both balloon expandable and
self-expandable stents. The experiment was carried on a specially
designed radial compression measurement machine (Model LLY-
06D, Laizhou, China) in Donghua University. The presser foot of
the apparatus was 5 mm in diameter (Fig. 2). All the samples were
wrapped by a film with thickness of 0.036 mm and tested under
the experiment conditions as follows: the stents were compressed
to 50% of their outer diameter [14] and then released at the same
rate of 20 mm/min. The radial force was measured in N. Besides,
the displacement of the presser foot was recorded to calculate elas-
tic recovery.
Fig. 4. Anti-torsion test machine.
Fig. 5. Stereomicroscope images of braided stents.
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Both ends of the stent were held by mandrels with a length of
20 mm. The specimens were bent 180 manually until the man-
drels became parallel. The morphology of the bending point in
the stent was qualitatively assessed by vision [15].The restoring force of stents (stent straightening force, the force
required for a stent to straighten after bending rather than the
force to bend stent) was measured quantitatively when bent 30,
60, 90, 120, 150, 180 by the force gauge (resolution 0.01 N)
(SH-20, Shanghai SIWI instrument manufacturing Co., Ltd., China).
Table 2
Physical features of stents.
A1 B1 A2 B2 C
Braid angle () 70 65 70 65 30
Pitch length (mm) 7.85 ± 0.06 6.87 ± 0.06 6.60 ± 0 8.00 ± 0 41.12 ± 0.06
NiTi mass fraction (%) 29.19 ± 0.08 29.91 ± 0.11 49.57 ± 0.15 48.69 ± 0.13 100 ± 0
Inner diameter (mm) 6.0 6.0 6.0 6.0 6.0
Outer diameter (mm) 6.8 7.0 6.8 7.2 6.8
Maximum wall thickness (mm) 0.40 0.50 0.40 0.60 0.40
Fig. 6. The load deformation curves for radial compression test of braided stents.
Fig. 7. Radial force at 50% compressive deformation and compression recovery of
braided stents.
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with 25 mm in length was kept free. The distance from the bending
point to the point that attached to the force gauge was 10 mm. It
was tested 3 times for each sample (Fig. 3).
Anti-torsion property
To assess the torsion resistance performance, the torsion tester
apparatus (Model LLY-19, Laizhou, China) (Fig. 4) was used. Both
ends of the stent were fixed on mandrels by collets. One end (left
end in Fig. 4) was kept still while another rotated together with
the mandrel at the rate of 6/min for torsion angle from 0 to
30. The anti-torsion forces (cN) were recorded by the sensor con-
nected to the computer. Each specimen was tested in both Z twist-
ing and S twisting direction. The peak torsion resistance force and
morphology after twisting were indexes of torsion property.Results
Physical characteristics
The microscopy images in Fig. 5 show that type A stents have
smoother external surface than type B stents for there is no inter-
weave of NiTi wires in type A stents. It is evident that type B stents
have symmetrical structure and the NiTi wires form a uniform dia-
mond shape. For type A stents, the spiral NiTi wires are parallel but
with different intervals. It also happens in stents B1 and B2. The
physical parameters are listed in Table 2. The braid angle of type
A stents is 65 while that of type B stents is 70. In addition to
the braid angle, pitch length of stents is also an important structure
parameter.
Radial compression property
The compression behavior of braided stents is presented in
Fig. 6. The stress hysteresis could be observed from the curve whenstents were subjected to compressive loading for 5 s at 50% of their
diameter. Compared to composite samples, the bare stent had a
lower stress hysteresis. The bare stent showed lowest initial com-
pressive modulus among five braided stents. And stents A1 and B1,
A2 and B2 had the same initial compression modulus respectively.
In addition, the initial modulus of stents A2 and B2 were almost
twice that of stents A1 and B1.
Slippage was relieved in stents when wrapped by the film and
radial force increased while elastic recovery decreased. Composite
stents demonstrated higher radial force (varied from 3 N to 7.3 N)
at 50% compression deformation compared with the bare stent
(1.30 N). Radial force and elastic recovery of stents are shown in
Fig. 7. Stents A2 and B2 had similar anti-compression force
(A2: 7.2 N and B2: 6.7 N) but different compression recovery per-
formance (A2: 85.9% and B2: 76.3%). Samples B1 and B2 with NiTi
wires crossed were apt to irreversible deformation while squeezed.
Stent A2 displayed the highest anti-compression force and good
compression recovery behavior.
Bending resistance property
With regard to the bending performance, bare NiTi stent
showed obvious collapse while all the composite stents had little
change in stent diameter (Fig. 8). Cavity of composite stents could
keep patency even highly curved. In addition, Fig. 9 shows that the
restoring forces of composite stents are much lower than those of
bare stent C. As the curvature rose, the restoring force of composite
stents remained below 1 N, while stent C exhibited mounting stent
straightening force.
Anti-torsion property
In the anti-torsion property test, both peak torsion resistance
force and morphology of stents during torsion were focal points.
The peak force indicated the difficulty to twist the stents indirectly.
According to the angle-force curves (Fig. 10), the anti-torsion
Fig. 8. The morphology of bending point of stents.
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remained stable during twisting, while there was no peak for type
A stents in Z twisting direction. The peaks in angle-force curves of
composite stents were located at 5–10 while it didn’t appear
until 15–17 for stent C. Structure collapse (red arrow, Fig. 11)
could be observed after twisting 30 in Stent A1. Stents B1, A2
and B2 could keep tubular patency in both Z and S twisting direc-
tion, while the stent C showed to be slightly narrow after torsion
(Fig. 11).
Discussion
In this exploratory study, the composite stents with polyester/
NiTi wires were fabricated feasibly by the braiding technology
and varied in different constructions and metal wire contents.
The mechanical performance such as the compression, bending
and torsion properties of five types of stents were investigated
by comparison experiments.The radial compression property is the prerequisite of stents
used to treat luminal stenosis diseases [16]. Lower radial force is
an obstacle to restore blood flow under blood pressure and pulsa-
tion. The open-mesh structure [17] of bare stent has a large toler-
ance for relative motion during compression while the existence of
polyester multifilaments could partially hinder the slippage.
The introduction of a new material to form a composite stent
seems to be a developing trend [18–20]. Braided stents covered
by polymer film may be an effective way to improve the radial
force. However, it could bring the discount of stent flexibility
[21]. The interface bonding strength between polymer film and
braided stent was unproved as well.
The braiding with polyester multifilament yarns could reduce
the relative sliding between NiTi wires and then improve the
anti-compression force. The radial compression forces of compos-
ite stents had been enhanced greatly (appropriately ranged from
150% to 390%) compared with the NiTi bare stent. Fluctuations
emerged on the load-deformation curves (Fig. 7), which could be
Q. Zou et al. / Results in Physics 6 (2016) 440–446 445explained by the NiTi wires slipping off presser foot during com-
pression. The NiTi wires in the composite stents contributed to
the majority of radial force. Initial compression modulus of stents
A1 and B1, A2 and B2 were similar respectively, and the latter was
about twice that of the former, which indicated that the modulus
was more influenced by NiTi mass fraction rather than structure
of stents.
Stent A2 had higher radial force than A1 for shorter pitch length
while they had the same braid angle. For type B stents, lower den-
sity of NiTi wires in stent B1 led to weaker radial support compared
with stent B2. The radial compression force correlated positively to
the density of NiTi wires in composite stents. Nevertheless, com-
pact pattern of NiTi wires may bring a significant reduction in stent
elastic recovery rate, especially for the wire-crossed stents, such as
stent B2. Stent A2 had excellent anti-compression force and elastic
recovery performance.
When it comes to bending performance, it is supposed that
lower stent straightening force will cause less trauma to luminal
wall [22]. Stent straightening force, i.e. restoring force, is defined
as the force to keep the stent straight after bending [23]. Adverse
restenosis and stent fracture have close bearing on bending stiff-
ness [24,25]. The stent straightening force of composite stents
was less than 1 N while the bare stent showed up to 3.77 N when
they were bent 180. The composite stents showed overwhelming
advantages for lower restoring force when subjected to bending,
which cause lesser trauma to the vessel wall. Stent B1 subjectedFig. 9. Restoring forces when stents were under different bending angles.
Fig. 10. Angle force curves of braided stents duringto less constraints from NiTi wires showed lower stent straighten-
ing force compared with B2. The large interval between NiTi wires
brought axial flexibility in stent B1. In addition, when applied to
tortuous lesion locations, all the composite braided stents could
keep lumen patency.
Stents are subjected not only to the plane bending stress, but
also to the special deformation loads [26], such as stents applied
to the iliac artery and popliteal artery. The anti-torsion perfor-
mance was rarely considered and assessed in present researches.
All stents were twisted 30 in our research. Structure collapse
(red arrow) of type A1 stents under Z twisting direction could be
explained by the pattern of stents (Fig. 11). The Z direction spiral
pattern of NiTi wires led to unsymmetrical structure in type A
stents. The type A stents showed anisotropy in torsion test where
spiral NiTi wires were in one direction. It was easier to twist stent
A1 than A2 in Z direction. And the unsymmetrical structure was
dragger for the anti-torsion performance of stent A observed
macroscopically from the torsion curves and the deformation pat-
terns. The type B stents with NiTi wires crossover structure per-
formed well under both Z and S twisting directions.Z twisting (left) and S twisting (right) direction.
Fig. 11. Pattern of stents after twisting 30 under Z-twisting (left) and S-twisting
(right). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
446 Q. Zou et al. / Results in Physics 6 (2016) 440–446The in vivo stents are under complex loads. They are usually
subjected to a combination of compression, bending and twisting
forces at the same time [27]. All the composite stents showed
excellent bending performance. During the selection of stents for
specific anatomy, the comprehensive stress environment should
be taken into consideration. Stent B2 was better option for highly
distorted lesions while stent A2 was more applicable under cir-
cumstances of less torsion and higher compression. In general,
stents with symmetrical NiTi wire structure were more stable.
Braiding NiTi wires with polyester multifilaments could boost the
anti-compression and anti-torsion performance, but excessive
intersection of wires would discount the elastic recovery rate of
stents. Through these laws, the mechanical property of composite
stents could be regulated, thereby reducing the incidence of
restenosis caused by stents. But we still have some limitations such
as fatigue tests in pulsation and biological experiments. Relative
motion between NiTi wires and polyester multifilaments can
induce fiber separation/fracture of the composite stents, which
conduces to abrasion and fatigue of polymeric materials. Low fric-
tion coefficient may minimize abrasion wear of polymers. Based on
our preliminary experiments, there was no significant difference in
friction resistance force between polyester/NiTi wire and NiTi/NiTi
wire [28]. Later on we will try to research on these respects as well
as animal tests.Conclusions
In the present study, it could be proved that it is feasible to fab-
ricate composite stents by braiding polyester multifilament yarns
together with NiTi wires. Compared with the bare braided metal
stents, the composite stents displayed higher radial force and
lower stent straightening force. These composite stents possessed
stable framework and prominent axial flexibility, providing alter-
native configurations for different anatomies. Based on the
in vitro tentative mechanical study, the results above could be
proved by further investigation using finite element techniques
and clinical trials.
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